Investigation of plasmon resonance tunneling through subwavelength hole arrays in highly doped conductive ZnO films Experimental results pertaining to plasmon resonance tunneling through a highly conductive zinc oxide (ZnO) layer with subwavelength hole-arrays is investigated in the mid-infrared regime. Gallium-doped ZnO layers are pulsed-laser deposited on a silicon wafer. The ZnO has metallic optical properties with a bulk plasma frequency of 214 THz, which is equivalent to a free space wavelength of 1.4 lm. Hole arrays with different periods and hole shapes are fabricated via a standard photolithography process. Resonant mode tunneling characteristics are experimentally studied for different incident angles and compared with surface plasmon theoretical calculations and finitedifference time-domain simulations. Transmission peaks, higher than the baseline predicted by diffraction theory, are observed in each of the samples at wavelengths that correspond to the excitation of surface plasmon modes. Plasmon resonance tunneling is a phenomenon in which transmission through sub-wavelength periodic apertures is larger than what was predicted by classical aperture theory. 1, 2 This phenomenon is also called "extraordinary optical transmission," which has been well-investigated over the past decade. [3] [4] [5] Recent works have studied mid-infrared (mid-IR) surface plasmon polaritons (SPPs) on dysprosiumdoped CaO 6 and arrayed structures fabricated in doped-Si, 7 InAs, 8 GaAs, 9, 10 and InSb 11 as well as Cu-coated 12 and Ni 5,13 meshed structures with the doped-GaAs and Cu/Ni systems being specifically investigated.
The investigation of alternative plasmonic materials has recently been accelerated 7, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] due to the push to the infrared where noble metals are not as useful due to weak mode confinement and lack of CMOS compatibility. Two promising candidates, aluminum and gallium doped ZnO, have been proposed as possible plasmonic materials in the near- 17, 19 and mid-IR 26 as these materials typically demonstrate plasma wavelengths $1 lm. ZnO also has displayed largely varying free carrier concentration and mobility [27] [28] [29] with slight changes in fabrication techniques and stoichiometry. These material properties are ultimately responsible in determining SPP properties such as propagation length and penetration depth, 26 which are important in waveguide and plasmonic circuit applications. Recent work has demonstrated the possibilities for ZnO based hybrid plasmonic-photonic waveguides. 30, 31 Due to these features and its CMOS compatibility, we utilize doped ZnO as our infrared plasmonic material.
Recent investigations have demonstrated SPP coupling on highly conductive ZnO via hole arrays. 15, 32 Presented in this paper are experimental results along with analytical and numerical calculations pertaining to surface plasmon resonance enhanced optical transmission of $1 lm deep ZnO hole arrays on a silicon substrate. Fig. 1 shows a schematic of the device structure investigated in this paper.
II. THEORETICAL AND EXPERIMENTAL DETAILS
The SPP wavevector is needed for analytical calculations of SPP excitations, and can be found according to Ref. 33 
where e d and e c are the permittivities of the dielectric and conductor, respectively, with the latter taken to be complex. Excitation of SPPs requires a coupling mechanism to compensate for the momentum mismatch between the free-space radiation and the SPP wavevector. Periodic structures, such as lamellar gratings or hole arrays, can provide such coupling due to an additional 2p/P momentum component where P is the modulation period. The photonic to plasmonic coupling condition then reads Author to whom correspondence should be addressed. 
where P is assumed here to be uniform in each direction, k is the incident wavelength which is the excitation wavelength for a specific mode, n d is the index of the dielectric region where the SPP mode is excited, and m and n are positive and negative integers (0, 61, 62.) for forward and backward propagating SPP modes. It is worth noting that a SPP mode is forward (backward) propagating if its propagation direction lies along (opposite to) the in-plane component of the incident wavevector. In this work, the light will be TM polarized in the x-direction (Fig. 1 ). The incident light is at an angle h between the x-axis and xy-surface normal with normally incident light being at h ¼ 0 . Also for our structures, the intended SPP excitation occurs at the air and ZnO interface, leaving
Ga-doped ZnO layers were deposited on a silicon substrate via pulsed laser deposition (PLD). 14 The achieved layer was nominally Zn 0.974 Ga 0.026 O with a doping level of $10 21 cm À3 as measured by IR ellipsometry. 26 The layer thickness was measured to be $1.2 lm with an uncertainty of 671 nm using visible ellipsometry. The measured complex permittivities of the deposited layer along with the propagation length of SPP modes at the air/ZnO interface (L x ) are calculated 26 using the following equation and compared with those of the gold 34 in Fig. 2 :
The real part of the Ga:ZnO permittivity crosses zero at 1.4 lm, which is denoted as k p , and becomes negative for k > k p . In the wavelength range from 5 to 11 lm, the real part has values of À30 to À140 with the imaginary component taking positive values of 10-100 and the plasmon propagation length being 100-500 lm. These conditions are sufficient to support excitation of plasmonic modes at the interface with ZnO acting as the mid-IR range metal. The excited modes can then propagate along the interface for tens of periods ($6-10 lm), enabling an interaction with periodic structures that can result in evanescent out-coupling of the SPP modes through the subwavelength holes. In comparison, gold has permittivity, both real and imaginary, that is nearly 2 times larger in the regions of interest. These larger permittivity values leads to gold enabling much longer SPP propagation lengths than Ga:ZnO in the mid-IR. Gold, however, lacks SPP mode confinement, due to the operation wavelength being far from the bulk plasma wavelength, and CMOS compatibility, which makes it unsuitable for plasmonic applications in this infrared regime.
Square lattice arrays of circular and square holes with periods of 6, 8, and 10 lm and 50% duty cycle were transferred to the sample by a standard UV photolithography process. A 250 nm thick Ni film was then deposited on top and used as a metal hard mask after lift-off. The sample was then inductively coupled plasma (ICP) etched with BCl 3 using the recipe of Ref. 15 . The etch process was run in multiple steps. The samples were first etched for 30 min after which the material compositions at the bottom of the holes were studied with energy dispersive x-ray spectroscopy (EDS) to find the Si and ZnO concentrations. The etch process was then continued at multiple shorter steps of 2.5 min for a total etch time of 37.5-40 min until low energy EDS confirmed high concentrations (above 90%) of Si indicating that the ZnO had mostly been etched through. The unknown thickness penetration for the electron beams in these materials leads to some ambiguity on the specific amount of ZnO left in the holes. Different etch times were due to slightly different ZnO thicknesses between samples.
Top-down and cross-section scanning electron microscope (SEM) images of a fabricated square-hole array sample with 10 lm period are shown in Figs. 3(a) and 3(b) , respectively. The edges of the squares are slightly rounded, which is expected for photolithography with the dimensions used. Fig. 3(b) confirms the completion of the etch process at the ZnO/Si interface as expected from EDS data, although in some of the samples the Si substrate was also etched due to varying ZnO layers thicknesses. The etched sidewalls are observed to be angled $19 from vertical. SEM crosssection views of the fabricated structures revealed the presence of a thin rough ZnO film at the bottom of the holes, likely due to the deep micron sized etch profile. This was confirmed by high resolution SEM imaging of the bottom of a hole (Fig. 3(c) ) and subsequent EDS analysis. When the x-ray beam is focused on a bright or dark area in Fig. 3(c) , EDS returns a high content of ZnO or Si, respectively, confirming the presence of a rough ZnO film with varying thickness.
III. SIMULATIONS
In order to verify that plasmon resonance tunneling is indeed occurring, as opposed to the excitation of Fabry-Perot resonances or waveguide modes, E-field profiles from finitedifference time-domain (FDTD) simulations were analyzed on-and off-the (m ¼ 1, n ¼ 0) plasmon resonance. The simulations were performed using the commercially available Lumerical FDTD software. The wavelength-dependent complex permittivity values for Ga-doped ZnO layer, measured with spectroscopic IR ellipsometer and shown in Fig. 2 , were imported into the software to use for the associated plasmonic layer. The Si substrate was defined by choosing Si as the substrate material in FDTD database, while the periodic etched hole arrays were simulated using the predefined "etched" material in the software database with the refractive index of 1. Symmetric and Bloch boundary conditions were chosen in x-and y-axis for simulations with normal and tilted incident angles, respectively. The boundary condition for z-axis was kept fixed as 12 perfect matching layers (PML) in both cases. The source was chosen to be a broadband plane wave with wavelength range of 2-15 lm incident top to down in reference to Fig. 1 , along the z-axis and polarized along the x-axis.
Figures 4(a) and 4(b) show a side view of the E-field magnitude in logarithmic scale taken off-and on-the resonant wavelength for a device with 8 lm array period and 4 lm square hole size, respectively. In Fig. 4(b) , the electric field is highly bound to the air/ZnO interface and concentrated at the surface edges of the hole arrays, consistent with the excitation of plasmons. As a result of the excited propagating SPP modes and their evanescent out-coupling to the periodic hole arrays, the transmitted E-field magnitude is increased by 2-orders of magnitude at the resonance wavelength.
Also presented in Fig. 4(c) is the simulated transmission spectrum of the periodic device along with the calculated diffraction limited baseline predicted by the theory of light transmission through subwavelength apertures. The transmission baseline is calculated for a 4 lm sized aperture in an opaque, black screen using the relations provided in Refs. 35 and 36. The diffraction limit predicts a transmission of $10%-20% which decreases as a function of increasing wavelength. The periodic hole-array structure, however, shows strong transmission peaks as high as 65% at the wavelengths of plasmonic modes resonances, which is in agreement with the provided E-field mode profiles.
IV. EXPERIMENTAL RESULTS
Optical transmission and reflection spectra of the samples were measured with a Bruker Hyperion IR-microscope integrated with a Vertex 80v Fourier transform IR (FTIR) spectrometer. The microscope configuration was modified having objective and condenser lenses removed to have its broadband and TM-polarized IR beam collimated. This enabled us to measure the transmission and reflection spectra of the fabricated structure under normal incidence and avoid the broadening of resonance features due to a spread of illumination angles. Figure 5 presents measured and simulated transmission and reflection spectra for the fabricated structures. Simulations were performed for the ideal etched structure. All spectra are for normally incident light in the wavelength range of 5-11 lm. Two resonance modes (m, n ¼ 1,0 and 1,1) were observed as reflection dips along with their corresponding transmission peaks; however, only the strongest mode (1,0) is shown in Fig. 5 for clarity. All measured and simulated transmission spectra are normalized to account for the reflection at the Si/air interface and scaled to the opening percentage of the structures as determined by SEM. The spectra for 6, 8, and 10 lm period structures are shown with blue, green, and red curves, respectively. In both simulation and experiment, the (1, 0) SPP mode redshifts with increasing array period as predicted by Eq. (2). The observed transmission is slightly stronger for square hole arrays (solid lines) than for circular holes (dashed-dotted lines), which is indicative of stronger plasmonic coupling, as reported in Ref. 37 by Kuipers et al. It is also observed that the coupling efficiency increases with increasing array period. Simulation results predict $250% for the relative transmission peaks for these structures. In the measured data, a maximum relative transmission of $105% is achieved through sub-wavelength hole arrays in devices with 10 and 8 lm period square holes.
Further FDTD simulations were carried out to investigate a more accurate portrayal of the structures. The sidewall angle, the etch depth into the silicon substrate, and the presence of the thin rough ZnO film were determined from SEM cross-section images and utilized in the simulation. A truncated pyramid hole shape was used to simulate the structure observed in Fig. 3(b) . Parameters utilized were array period of 8 lm, top opening of 4.26 lm, bottom opening of 3.06 lm, and etch depth of 1.74 lm (with ZnO thickness of 1.0 lm and etch depth of 0.74 lm into the Si). These structural changes resulted in slight, but not significant, decreasing of transmission.
In addition to these structural changes, we investigate the effects of the rough ZnO film. The determined maximum thickness of the film, $100 nm, is an order of magnitude smaller than the overall deposited ZnO layer thickness (1.2 lm). This order of magnitude difference, allows this thin region to be treated as a thin film with a spatial average of ZnO and air permittivities, as described by the " effective   FIG. 4 . FDTD simulated E-field profiles of the device with 8 lm array period and 4 lm square hole sizes (a) on-, and (b) off-(1, 0) plasmonic resonance. Also presented is the simulated transmission spectrum of the device along with the predicted diffraction limited baseline (c). a) and (c) ) and transmission ((b) and (d)) spectra of the fabricated structures for normally incident infrared light. Relative transmission spectra are the transmission through ZnO hole arrays normalized to that of Si substrate and scaled to the opening area.
FIG. 5. Experimental and simulated reflection ((
medium approximation" or "50:50 model." [38] [39] [40] [41] [42] FDTD simulations were therefore completed with a 100 nm film in the hole using a 50/50 composition of the ZnO/air. The addition of this thin ZnO layer in the hole causes the relative transmission to decrease from 275% to 117%, which is within 10% of the measured data for 8 lm square holes. With the added rough ZnO film in the hole, the coupling of incident light to SPP's is actually increased which was observed as an intensification of the electric fields bound at the top ZnO/air interface and at the resonance wavelength. The stronger SPP mode still undergoes tunneling although the transmitted light is observed to decrease in both the electric field cross-section and transmission output which can be attributed to absorption in the thin rough layer. By using the above alterations from the ideal structure, piecewise simulations revealed the largest degradation in transmission strength, which was likely due to the rough ZnO film that remains in the holes, although the structure shape could have played a minimal role in the discrepancies between simulation and experiments.
Transmission spectra of the 8 lm period square hole arrays are shown in Fig. 6 for incident angles from 0 (top trace) to 18
(bottom trace) with average angular step size of 1.8 . To perform these measurements, the sample was mounted on a rotation stage and placed in the beam path. The sample was tilted about the optical axis of the microscope to obtain different incident angles. Data are presented for incident light with E-field polarized perpendicular to the axis of rotation. The transmission spectra show the decoupling of counter-propagating SPP modes as a function of increasing angle. At normal incidence, the counter propagating mode pairs of (61, 0) and (61, 1) are degenerate. Changing the angle of incidence from the surface normal red-shifts (blue-shifts) the forward (backward) propagating modes, removing the degeneracy. The observed shifting can be explained by the sign of the m-integer and the sin(h) factor in Eq. (2) . Calculated locations of transmission maxima associated with the (1, 0), (À1, 0), (1, 1) , and (À1, 1) SPP modes are determined using Eqs. (1) and (2) and presented in Fig. 6 as red triangles, blue triangles, red diamonds, and blue diamonds, respectively. Also plotted with dashed blue curves are FDTD simulated transmission spectra of the device for incident angles of 0 and 10.8 . The simulated curves are plotted next to their corresponding measured spectra for comparison. The simulated transmission peaks agree well with calculated SPP locations and experimental results. The measured transmission peaks at the (À1, 1) and (1, 1) resonances are, however, very weak again due to the presence of the thin rough ZnO film at the bottom of the holes.
V. SUMMARY
In summary, we report the fabrication, simulation, and optical characterization of plasmon resonance enhanced IR optical transmission through square and circular hole arrays etched into a 1 lm thick Ga-doped ZnO layer on a silicon wafer. The samples were fabricated with 6, 8, and 10 lm array periods and 50% duty cycle. Simulations, along with optical measurements, reveal strong coupling of free space radiation to SPPs as observed by 40%-60% reflection dips in the IR spectra. Experimental results show array-period tunable resonant mode tunneling characteristics that are consistent with the plasmon excitation and evanescent out-coupling of such propagating SPP modes to periodic hole arrays, as evidenced by the agreement with simulated mode profiles and analytical calculations. Differences in transmission percentages between simulation and experiment can be explained by the presence of thin rough ZnO films at bottom of the etched holes and by imperfectly fabricated grating structures as confirmed by SEM cross-section images and EDS measurements. These experiments also show square holes in all cases out-performing circular holes in terms of SPP coupling and the consequent transmission features. Device transmission was also measured for angled incident light which removes the degeneracy for SPP modes that propagated oppositely while in the plane of the polarization. This degeneracy lifting agrees with analytical SPP theory and FDTD simulations. The results presented here provide a basis for a new class of plasmonic IR optical devices that are tailorable throughout the mid-infrared via both inherent doping and structural changes. 
